Estuaries present an environmental gradient that ranges from almost fresh water conditions to almost marine conditions. Salinity and flooding are the main abiotic drivers for plants. Therefore, plant zonation in estuaries is closely related to the tidal cycles. It is expected that the competitive abilities of plants would be inversely related to the tolerance toward environmental stress (tradeoff). Thus, in estuaries, plant zonation tends to be controlled by the environment near the sandbar and by competition away from it. This zonation pattern has been proposed for regular non-tropical estuaries. For tropical estuaries, the relative importance of rain is higher, and it is not clear to what extent this model can be extrapolated. We measured the tidal influence along the environmental gradient of a tropical irregular estuary and quantified the relative importance of the environment and the co-occurrence degree. Contrary to the narrow occurrence zone that would be expected for regular estuaries, plants presented large occurrence zones. However, the relative importance of the environment and competition followed the same patterns proposed for regular estuaries. The environmental conditions allow plants to occur in larger zones, but these zones arise from smaller and infrequent patches distributed across a larger area, and most species populations are concentrated in relatively narrow zones. Thus, we concluded that the zonation pattern in the Massaguaçu River estuary agrees with the tradeoff model.
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Introduction
Estuaries are environment characterized by mixtures of river freshwater and ocean saltwater. When rivers and the ocean are permanently connected (regular estuaries), mixing of water occurs in a continuum, and therefore, is closely related to the tidal cycles. Sometimes, the ocean creates a sandbar that seals its connection to the river (irregular estuaries). In these cases, the tidal influence is limited because mixing of water only occurs when the sandbar breaches (Wolanski, 2007) . Estuaries are delimited by saltwater influence over the freshwater at one extremity and by the freshwater influence over the saltwater at the other. Therefore, estuaries present an environmental gradient that ranges from almost freshwater conditions to almost marine conditions (King et al., 1990; Pennings and Callaway, 1992; Wolanski, 2007) . In this gradient, the salinity and flooding cycles are widely recognized as the main abiotic drivers for plant community zonation (Greenwood and Macfarlane, 2009; Ribeiro et al., 2011a Ribeiro et al., , 2013 Touchette, 2006) . In non-halophytes plants, salt can lead to ionic toxicity, hormonal disturbance or both (Kozlowski, 1997) . Flooding unchains a series of physical, chemical and biological changes in the soil that completely modify its ability to support plant growth (Kozlowski, 1997) . Therefore, the plant zonation in tidal environments is mainly dependent upon the salinity and flooding cycles (Costa et al., 2003; Greenwood and Macfarlane, 2009; Pennings et al., 2005; Sorrell and Tanner, 2000) .
Plant distribution and abundance along estuaries are indicative of species' tolerance toward environmental drivers and their competitive ability (Crain et al., 2004; Greenwood and Macfarlane, 2009 ). In harsh environments, the ability to cope with abiotic stress tends to be more important to plant zonation, whereas in benign environments, competitive ability appears to be the main driver (Crain et al., 2004; Greenwood and Macfarlane, 2009; Peyre et al., 2001 ). This zonation model predicts a tradeoff between competitive ability and stress tolerance (Grime, 1977) . In an estuary, the relative importance of the environment drivers is expected to be higher near the sandbar, where the ocean saltwater inflow creates an inhospitable environment for most species. The tidal influence decreases and the environment becomes less limiting upward the estuary. With more species being physiologically able to inhabit the area, the importance of the competitive interactions increases. Thus, in estuaries, plant zonation is expected to be mainly controlled by abiotic drivers at their lower limits (higher tidal influence) and by biotic drivers at their upper limits (lower tidal influence) (Castillo et al., 2000; Ribeiro et al., 2011a; Ungar, 1998) .
However, there are alternative models. It has been proposed that competition is more intense in harsh environments. The idea behind this model is that a smaller amount of resources would intensify the competitive process (Wiens, 1977) . As it is implausible to expect that stress would increase competition for non-resource drivers (such as salt), this model is very unlikely to be successfully applied to estuaries. Another model predicts that the importance of competition is the same, regardless of environmental conditions (Newman, 1973; Tilman, 1982) . According to this model, stressful conditions acts only modulating competition, but competitive interactions per se are equally important throughout the gradient (Peyre et al., 2001) .
Most studies examining the relationship between abiotic gradients and biotic interactions in tidal environments have been conducted in regular estuaries in the medium and high latitudes of the Northern Hemisphere (Costa et al., 2003) . In these environments, there is usually a clear and predictable pattern in plant distribution, and the species occur in relatively narrow zones, with little niche overlapping (Pennings and Callaway, 1992; Vince and Allison, 1984) . This pattern supports the tradeoff model. In the tropics, higher rainfall leads to a higher relative importance of freshwater. This leads to an intermittency of salinity-mediated stress, which results in wider occurrence zones. Furthermore, in irregular estuaries the tidal effect is limited, and thus, the relative importance of freshwater is expected to be even higher (Costa et al., 2003) . Still, sandbar breachings are usually disturbing and unpredictable events. Unpredictability is a severe stress to most plants (Otte, 2001 ) and tends to prevent a competitive balance from being reached, which leads to a under-utilization of resources and therefore to greater niche overlapping (Russell et al., 1985) . Therefore, it is not clear to what extent the current models can be used to make predictions regarding tropical estuaries (Costa et al., 2003) , particularly the irregular ones, and plant zonation along tropical estuary tidal gradients is one of the larger gaps in our knowledge about costal environments (Crain et al., 2004) .
We performed this study in a tropical irregular estuary and expected that, in this environment, plants would present large occurrence zones. In consequence, we hypothesized that the importance of abiotic factors over plant assemblage would be constant along the estuarine gradient. In other words, we expected that the tradeoff model currently used to describe temperate estuaries would not apply to an irregular tropical estuary. To test this hypothesis, our objective was to (1) characterize the zonation patterns in an estuary and to (2) assess how that pattern is influenced by both environment and space.
Material and Methods

Study site
The Massaguaçu River estuary (23º37'20''S and 45º21'25''W, Caraguatatuba, São Paulo, Brazil) is an irregular estuary, with a sandbar that breaches several times per year. The time between breaching events ranges from few days to more than a month The time that the sandbar remains opened also varies, from one tidal cycle to more than 15 days (see Ribeiro et al., 2013) . There are five main macrophytes banks within the estuary (banks A, B, C, D and E). From small herbaceous to trees, all species are fixed to the substrate, and banks have a relative stable plant assemblage. Bank B is an island, and the others are linked to the estuary's margin (Figure 1 ). The estuary is located in a region with a humid tropical climate (af), a mild winter, rain in all months and no dry season (Peel et al., 2007) .
Although the estuary´s eastern margin had suffered several modifications by human action, it still presents riparian vegetation throughout almost all its extension. The right margin is better preserved, covered with Atlantic rain forest. The banks inside the estuary demonstrate dense formations of both aquatic and amphibious plants.
To the best of our knowledge, there are no studies on the estuary's conservation state, but there is also no history of direct disturbance in the last 30 years either. Sandbar breaching is a natural event, but man-made breaching is occurring more often, and the effects of this practice on the estuary flora are uncertain.
Edaphic and floristic characterization
Over an aerial image, we randomly chose 16 plots (5x5 m) in each bank (total of 80 plots) and uploaded the plot locations into a GPS device for field localization. In the field, we registered the species cover (m 2 ) in each plot, collected a soil sample and determined the edaphic characteristic (organic matter, pH, P, K, Ca, Mg, H+Al, V%, Cu, Fe, Mn, Zn and salinity) and measured the relative plot height. To measure the estuary water level, we installed a graduated scale in the estuary, where the zero represented the lowest level that the estuary water can reach. Between June 2007 and June 2009, we took daily readings of the water level. We grouped the plots according to the time they were flooded during this period (see Ribeiro et al., 2011a for details).
Data analysis
For the floristic analysis, we used abundant species only (Ribeiro et al., 2011a) . We arranged the dataset in a incidence matrix (with species presence/absence in rows and plots in columns) and used the checkerboard index (C-board) to calculate co-occurrence degree of the main species (Gotelli and Entsminger, 2001) . This analysis calculates the number of species pairs that never occur together and can be used as a evidence of competition (Horner-Devine et al., 2007) . In the R environment (R Development Core Team, 2008) using the package vegan, from a matrix in which rows represent species abundance and columns represent plots, we performed a variation partition (Laliberté et al., 2009 ) to determine the relative importance of the environment (edaphic and flooding) and the spatial autocorrelations in plant zonation through principal coordinates of neighbor matrices.
Results
Estuary characterization
The estuary presented a longitudinal saline gradient, with higher electric conductivity values near the sandbar and lower values upstream. The sodium ions (Na + ) values follow the same pattern (R 2 =0.39). Banks A and B had a wide range of salinity values, whereas banks C, D, and particularly E had a much narrow range. This indicated that in plots near the sandbar, there were several other factors that were important to determining plot salinity (e.g., plot elevation), whereas plots away from the sandbar usually had low salinity values. There is a slight increase in the banks' average height upstream. Therefore, there were more plots where flooding might be a limiting factor with bank A than bank E. Full estuarine edaphic characterization are available in annex 1.
Principal species
We observed 51 species of aquatic and/or amphibious plants in the Massaguaçu River estuary and classified 12 of them as abundant (see Ribeiro et al., 2011b for the full inventory). Most species presented a relatively clear relation to salinity patterns. While Crinum americanum L., Bacopa monnieri (L.) Pennell, and Eleocharis flavescens (Poir.) Urb. were more abundant in the more saline areas, Eleocharis interstincta (Vahl) Roem. & Schult., Scleria mitis P.J. Bergius, and Rhynchospora corymbosa (L.) Britton presented higher densities in less saline areas. Typha domingensis Pers. occurred only in the less saline portion of bank E. Acrostichum danaeifolium Langsd & Fisch and Brachiaria mutica (Forssk.) Stapf were denser in intermediary saline conditions. Acroceras zizanioides (Kunth) Dandy, Echinochloa polystachya (Kunth) Roberty and Paspalum sp. did not present a clear zonation pattern along the saline gradient ( Table 1) .
Co-occurrence
The co-occurrence index values between most abundant species were smaller than expected by chance in the estuary salinity extremes: bank A and B (higher salinity) and D and E banks (lower salinity). On the other hand, bank C, which presented intermediary salinity, presented a co-occurrence index value that was higher than expected by chance ( Table 2) .
Variation partition
The higher the bank soil salinity was, the higher the environmental importance to plant zonation. Thus, the relative importance of the environment for plant assemblage was higher in bank A and almost null in bank E ( Table 3) . Spatial autocorrelation importance values were small and did not follow a pattern along the estuarine gradient.
Discussion
The higher importance of the environment, when compared to that of space for plant zonation in saltier banks suggests that the salt physiologically restrains the occurrence of several species in these banks (Castillo et al., 2000; Ribeiro et al., 2011a; Touchette, 2006) . This salt limitation resulted in small co-occurrence index values. On the other hand, where there is almost no soil salinity, a great number of species are physiologically able to occur. With no salinity restraint, the environmental importance is reduced, and competitive interactions are expected to increase in relative importance. In the area of bank E, where Table 2 . Co-occurrence of the most abundant estuary species. This analysis measured the number of times (expressed herein as %) the observed (obs) data presented a higher (% obs > exp) or a lower (% obs < exp) number of chessboard pairs when compared with the simulated expected (exp) data. The higher the number of chessboard pairs in the observed data (i.e., the higher the % obs > exp value) is, the smaller the observed co-occurrence. A, B, C, D and E are the macrophyte banks. we observed the lowest salinity values, the environmental importance to plant community composition was almost null. However, the co-occurrence index value was low for this bank as well. These findings are consistent with the idea that in these zones the intensification of the competitive process would exclude species. In intermediate zones, the co-occurrence index value was high, which suggests that there is a balance between environmental stress tolerance and competitive ability (Pennings and Callaway, 1992) ( Figure 2 ). The few studies regarding plant zonation in irregular tropical estuaries suggest a zonation with larger occurrence zones and niche overlapping (Costa et al., 2003) . In the Massaguaçu River estuary, many species presented large occurrence zones in this study. Eleven out of twelve species occurred in at least three banks, and seven were present in both extremities. Thus, this zonation pattern is consistent with what has been proposed for irregular estuaries. The large occurrence zones suggest that, for most plants, the estuary abiotic conditions are not a limiting factor, and the environment acts only as a regulator in the competitive interactions. Therefore, it would be expected that the importance of the environment to plant zonation in an irregular estuary would be relatively the same, regardless of the conditions. Nevertheless, that was not what we observed. As proposed for temperate regular estuaries, the environmental importance is directly related to the tidal influence. The irregularity of flooding, and thus, environmental unpredictability, allowed species to establish occasion spots all over the estuary, but the main portions of the populations are concentrated in a much thinner zone. Crinum americanum L, for example, was observed to occur along all gradients but is clearly concentrated in the more saline banks. Eleocharis interstincta (Vahl) Roem. & Schult. is widely distributed in the estuary as well, but its population is almost three-fold larger in the less saline banks. Thus, we concluded that the environmental conditions of the Massaguaçu River estuary lead to large occurrence zones. However, in terms of the relative importance of environment, the observed plant zonation pattern is in agreement with what would be expected for a tradeoff-explained zonation environment. 
